Heterosis is most frequently manifested by the substantially increased vigorous growth of hybrids compared with their parents. Investigating genomic variations in natural populations is essential to understand the initial molecular mechanisms underlying heterosis in plants. Here, we characterized the genomic architecture associated with biomass heterosis in 200 Arabidopsis hybrids. The genome-wide heterozygosity of hybrids makes a limited contribution to biomass heterosis, and no locus shows an obvious overdominance effect in hybrids. However, the accumulation of significant genetic loci identified in genomewide association studies (GWAS) in hybrids strongly correlates with better-parent heterosis (BPH). Candidate genes for biomass BPH fall into diverse biological functions, including cellular, metabolic, and developmental processes and stimulus-responsive pathways. Important heterosis candidates include WUSCHEL, ARGOS, and some genes that encode key factors involved in cell cycle regulation. Interestingly, transcriptomic analyses in representative Arabidopsis hybrid combinations reveal that heterosis candidate genes are functionally enriched in stimulus-responsive pathways, including responses to biotic and abiotic stimuli and immune responses. In addition, stimulus-responsive genes are repressed to low-parent levels in hybrids with high BPH, whereas middle-parent expression patterns are exhibited in hybrids with no BPH. Our study reveals a genomic architecture for understanding the molecular mechanisms of biomass heterosis in Arabidopsis, in which the accumulation of the superior alleles of genes involved in metabolic and cellular processes improve the development and growth of hybrids, whereas the overall repressed expression of stimulusresponsive genes prioritizes growth over responding to environmental stimuli in hybrids under normal conditions.
biomass heterosis | GWAS | natural variation | Arabidopsis H eterosis, also known as hybrid vigor, refers to the biological phenomenon that the hybrid progeny exhibits superior performance over its parents in many traits, such as biomass, growth rate, yield, and fitness (1) (2) (3) (4) . Three quantitative genetic models, namely dominance (5), overdominance (6, 7) , and epistasis (8) , are largely conceptual and do not explain the molecular mechanism of heterosis. Although omics studies have described genome-wide changes in gene expression (9) (10) (11) (12) (13) , small RNAs (14) , DNA methylation (15) , and histone modifications (12, 13) between hybrids and parents in plants, the underlying genetic mechanism remains elusive. With the increased availability of genome sequences and the revolution in computational methods, genome-wide association studies (GWAS) has been developed into a powerful tool to explore the genetic loci and candidate genes responsible for traits in plants (16) (17) (18) (19) (20) . Using this approach, numerous superior alleles contributing to yield-related heterosis have been identified in rice (21) . The mapping of heterosis quantitative trait loci (QTL) for yield in rice hybrids has recently been reported (22) . These studies have greatly improved the current understanding of the genetic bases of heterosis in plants. However, genetic loci associated with heterosis may not be completely preserved in rice, as natural genetic diversity decreases constantly during rice domestication (23) . By contrast, exploration in native plant species that have not undergone domestication may help uncover the full spectrum of the genetic basis of heterosis.
Arabidopsis, an undomesticated plant species, serves as an excellent model to study the genetic mechanism of heterosis, owing to its short life cycle, extensive naturally occurring genetic variation, and sufficient amount of heterosis (24) (25) (26) (27) . To date, few genetic loci associated with heterosis have been identified through QTL mapping in Arabidopsis (28) (29) (30) . Remarkably, a recent GWAS performed in Arabidopsis hybrids, generated by intercrossing 30 accessions, discovered significant loci and candidate genes for hybrid performance in flowering time and rosette traits (31) , which demonstrated the feasibility of GWAS to dissect the genetic architecture of heterosis in Arabidopsis. However, in this case, limited genetic loci can be detected because sequence divergence among 30 accessions represented only a small proportion of the natural genetic variation in Arabidopsis.
Here, we generated 200 Arabidopsis hybrids by crossing Columbia-0 (Col-0) with other natural accessions collected worldwide and phenotyped these hybrids together with their parents for biomass-related traits during early development. We conducted GWAS for biomass heterosis and discovered 750 associated singlenucleotide polymorphisms (SNPs) that showed collective contributions. We identified 779 candidate heterosis genes, some of which encoded key regulators of the cell cycle and plant growth and development. By performing a transcriptomic analysis in representative hybrids, we found that stimulus-responsive genes were highly overrepresented among candidates and exhibited an Significance Heterosis, the phenotypic superiority of a hybrid over its parents, has been extensively exploited in agriculture to improve biomass and yield. Despite its great agricultural importance, the genetic components underlying heterosis remain largely unclear. Here, we characterize the genomic architecture of heterosis in Arabidopsis that have not undergone domestication and identify hundreds of genetic loci that collectively contribute to biomass heterosis using genome-wide association studies. The functional investigation of candidate genes and transcriptomic analysis in representative hybrids suggest that the accumulation of superior genes involved in basic biological processes and the repression of stimulus-responsive genes in hybrids contribute to biomass heterosis in Arabidopsis, thus providing a comprehensive understanding of the genetic bases of heterosis in natural populations of plant species.
overall repression in hybrids with high biomass heterosis. Taken together, these data provide comprehensive insights into the genetic bases of biomass heterosis in Arabidopsis.
Results

Collective Contribution of Different Growth Traits to Biomass Heterosis in
Arabidopsis. Previous studies have suggested that the degree of heterosis observed in hybrids is proportional to the parental genetic distance (3) . In this scenario, if multiple A. thaliana accessions are crossed with a common maternal accession, then the biomass heterosis in these hybrids should be positively correlated with the parental genetic distance, and the differences in biomass heterosis among hybrids should result from the sequence divergence of paternal accessions. This correlation may provide clues to revealing the genetic basis of biomass heterosis. Considering this hypothesis, we generated 200 intraspecific hybrids by crossing 200 A. thaliana accessions with one common maternal accession, Col-0 (Dataset S1). The collected 201 accessions originated from Europe, Asia, and North America and displayed a broad range of geographic diversity (Fig. 1A) . The hybrids and their parents were phenotyped for four traits, with one trait corresponding to shoot biomass (represented as shoot fresh weight) and three traits that potentially contributed to shoot biomass (leaf number, leaf area, and rosette diameter), at 14 d after sowing (DAS) to avoid the impact of flowering on biomass heterosis (SI Appendix, Fig. S1 ). We observed strong positive correlations among biomass, leaf area, and rosette diameter in hybrids (correlation coefficient r = 0.769-0.847; SI Appendix, Table  S1 ), indicating that both leaf area and rosette diameter were the main contributors to hybrid biomass. Whereas the leaf number also partially contributed to biomass in hybrids (r = 0.435), no correlation was detected between the leaf number and leaf area or rosette diameter (r = 0.051 and r = 0.06, respectively) (SI Appendix, Table S1 ). These data suggested that in hybrids, the genetic components associated with leaf area or rosette diameter are distinct from those associated with leaf number. Furthermore, compared between hybrids and paternal accessions for each trait, significantly positive correlations were detected (Fig. 1B and SI Appendix, Fig.  S2 ), suggesting that the genetic variations among paternal accessions are associated with differences in growth vigor in hybrids.
Better-parent heterosis (BPH) and middle-parent heterosis (MPH) describe the degree of phenotypic difference between a hybrid and its better parent and between a hybrid and the mean of two parents, respectively. We used BPH and MPH to evaluate the heterosis of the 200 hybrids and found that heterosis widely occurred during early Arabidopsis development. All 200 hybrids showed positive MPH, and no hybrid was inferior to its better parent for all four traits (SI Appendix, Fig. S3 ). Most hybrids (98%, 196) showed significant positive BPH for all four traits, although with large variation (Fig. 1C and SI Appendix, Fig. S3 ). Further analyses focused primarily on BPH. We found that both biomass and leaf area heterosis were higher than leaf number or rosette diameter heterosis (Fig. 1D) . Furthermore, the BPH for biomass, leaf area, and rosette diameter were highly correlated with each other (r = 0.859-0.886; Fig. 1E and SI Appendix, Table   Leaf S2). Interestingly, although leaf number was not correlated with leaf area or rosette diameter in hybrids, the BPH for leaf number was significantly correlated with that for leaf area or rosette diameter (r = 0.48 and r = 0.494, respectively) and that for biomass (r = 0.598) (SI Appendix, Table S2 ). These results indicated a potential common genetic mechanism underlying the heterosis of different traits and the collective contribution of different traits to biomass heterosis in Arabidopsis.
Genome-Wide Heterozygosity of Hybrids Makes a Limited Contribution
to Biomass Heterosis. According to the observation that leaf area contributed most significantly to biomass heterosis during early Arabidopsis development (Fig. 1E) , further analyses focused on heterosis for these two traits. We observed no obvious correlation between the extent of biomass heterosis and the geographic distance of paternal accessions, and many hybrids of the paternal accessions from nearby locations showed significantly different levels of heterosis (Fig. 1A) . To further determine whether the genetic distance was correlated with the heterosis of hybrid populations in this study, a total of 722,000 SNPs with high reliability for 191 of the 200 paternal accessions obtained from the 1001 Genomes Project were used for the pairwise analysis of the genetic distance between Col-0 and each of the 191 paternal accessions using PLINK's identity by descent (IBD) analysis. We found that although the paternal accessions used in this study had extensive genetic diversity relative to Col-0, no correlation between parental genetic distance and heterosis for biomass or leaf area in hybrids was detected ( Fig. 2A and SI Appendix, Fig. S4A ). Thus, these results suggested that the degree of genetic distance between parents does not necessarily contribute to heterosis in intraspecific hybrids of Arabidopsis and that the natural genetic variation associated with microenvironmental divergence may contribute to biomass heterosis in Arabidopsis.
A prerequisite for heterosis manifestation is the genetic heterozygosity resulting from divergence between parental lines. Accordingly, we further investigated the effect of hybrid genome heterozygosity on heterosis. We used SNP density (SNPs per kilobase) to represent hybrid genome heterozygosity. Notably, a weak but significant positive correlation was observed between the genome-wide heterozygosity of hybrids and heterosis for biomass and leaf area (Fig. 2B and SI Appendix, Fig. S4B ). These data indicated that not all heterozygous sites in hybrids derived from parental genomic divergence are involved in biomass heterosis, and heterosis should be contributed by the heterozygosity at specific genetic loci in hybrids.
Accumulation of Associated GWAS Loci Correlates with Biomass
Heterosis in Arabidopsis. To identify loci or genes with the potential contribution to Arabidopsis biomass heterosis, we conducted GWAS on heterosis for biomass and leaf area using an algorithm for multivariate linear mixed models in Genome-Wide Efficient Mixed-Model Association (GEMMA) software (32) . No clear signals resembling a peak were observed in the resulting Manhattan plot (Fig. 2C) , indicating that Arabidopsis biomass heterosis results from many alleles with additive effects. Using a modest significance threshold [false discovery rate (FDR) < 0.2], 750 associated SNPs were identified. Remarkably, heterosis strongly and positively correlated with the accumulation of associated SNPs in the paternal accessions ( Fig. 2D and SI Appendix, Fig. S5A ), but not with accumulated SNPs that were randomly selected from our SNP library (SI Appendix, Fig. S5 B and C) . Therefore, the combination of heterozygous loci containing these 750 associated SNPs in hybrids may contribute to biomass heterosis in Arabidopsis.
As linkage disequilibrium (LD) decays within ∼10 kb in Arabidopsis (33), we focused our analyses on 10-kb genomic regions around these 750 associated SNPs. For convenience of analysis, we divided the paternal accessions into two groups: the high-BPH group consisted of the top third of accessions ranked according to BPH for biomass or leaf area, and the low-BPH group consisted of the bottom third of these ranked accessions (SI Appendix, Fig.  S6A ). The 10-kb genomic regions around these 750 SNPs exhibited extensive sequence variation between the high-BPH and low-BPH groups, which was reflected by the higher populationdifferentiation statistic (F ST ) than control (Wilcoxon's rank-sum test, P < 2.2 × 10 −16 ) ( Fig. 2E and SI Appendix, Fig. S6B ). This extensive sequence variation may provide the basis for the collective contribution of heterozygous loci containing 750 associated SNPs to biomass heterosis in Arabidopsis.
Identification and Functional Characterization of Candidate Genes for
Biomass Heterosis in Arabidopsis. Based on the Arabidopsis genome annotation in TAIR, a total of 779 protein-coding genes within the 10-kb genomic regions surrounding 750 heterosis-associated SNPs were identified and thought to be candidate genes for biomass BPH in Arabidopsis (Dataset S2). The biological function of these candidates was characterized based on GO (gene ontology) annotations. Of the 779 genes, 474 genes had functional annotations for biological process categories in the Arabidopsis GO database. These genes were divided into diverse functional categories, including cellular processes, metabolic processes, response to stimulus, biological regulation, and developmental processes (SI Appendix, 
S7), indicating the collective contribution of these biological pathways to biomass heterosis in Arabidopsis.
Further detailed inspection revealed that several genes encoding key regulators of cell cycle processes, including CELL DIVISION CYCLE 20.1 (CDC20.1), CELL DIVISION CYCLE 20.2 (CDC20.2), CYCLIN D1;1 (CYCD1;1), CYCLIN D2;1 (CYCD2;1), CYCLIN P2;1 (CYCP2;1), E2F TRANSCRIPTION FACTOR 1 (E2F1), DP-E2F-LIKE PROTEIN 3 (DEL3), HOBBIT (HBT) and KIP-RELATED PROTEIN 2 (KRP2), were among the candidate heterosis genes. Notably, WUSCHEL (WUS), a gene required to control the stem cell pool in the shoot apical meristem (SAM), and AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS) were also in the candidate list. Other important candidate genes involved in plant growth and development included INDOLE-3-ACETIC ACID INDUCIBLE 28 (IAA28), a negative regulator of auxin signaling, and GA REQUIRING 3 (GA3), which plays an essential role in the gibberellin biosynthetic pathway (Dataset S2). The natural divergence of these genes may occur during the evolution of Arabidopsis, and the accumulation of their superior alleles could be important contributors to the growth vigor in hybrids.
Candidate Genes for High BPH Are Enriched in Stimulus-Responsive Pathways. We further characterized heterosis candidates from a gene expression aspect. Because leaf area heterosis and biomass heterosis were highly correlated, the candidate genes underlying biomass heterosis should be expressed in the leaves. Accordingly, we narrowed the candidate genes for biomass heterosis by investigating the expression of these genes in representative Arabidopsis hybrid combinations. The leaves of two hybrid combinations, Col-0 × Per-1 and Col-0 × Aa-0, were selected for whole-genome expression profile analyses. Col-0 × Per-1 exhibited one of the highest levels for biomass BPH (139.4%) and leaf area BPH (129.4%), whereas Col-0 × Aa-0 showed one of the lowest levels for biomass BPH (−2.4%) and leaf area BPH (−7.3%) (Fig. 3 A-C) .
Comparison of the genotypes between Col-0 and Per-1 or Aa-0 showed that Col-0 × Per-1 contained more total and missense SNPs and accumulated more heterosis-associated SNPs than did Col-0 × Aa-0 (Fig. 3D) . Interestingly, genes with multiple missense SNPs were significantly enriched in defense response pathways, which were much more evident in Col-0 × Per-1 (Fig. 3E) . Of the 779 genes adjacent to heterosis-associated SNPs, 453 genes were detectably expressed in the leaves of at least one genotype in Col-0 × Per-1 and were considered candidate genes for biomass heterosis in this hybrid. Further GO analysis showed that these candidate genes were significantly enriched in response to stimulus pathways (153 genes), including immune responses, responses to both biotic and abiotic stimuli, and responses to stress (defense responses) (Fig. 4A) . These results suggested that the natural genetic variation in stimulus-responsive genes might be associated with biomass heterosis in Arabidopsis. 
Overall Repression of Stimulus-Responsive Genes in Hybrids with High
Biomass Heterosis. To gain more in-depth insight into how candidate genes contribute to Arabidopsis biomass heterosis, we compared the expression patterns of these 453 candidate genes between Col-0 × Per-1 and Col-0 × Aa-0. Notably, most candidate genes showing highor low-parent expression in Col-0 × Per-1 were expressed at the middle-parent level in Col-0 × Aa-0 ( Fig. 4B and SI Appendix, Fig.  S8 ). This result further demonstrated that candidate genes exhibited distinct expression patterns between hybrids with different degrees of biomass heterosis. Most importantly, candidate genes displaying lowparent or below-low-parent expression in Col-0 × Per-1 were overrepresented in response to stimuli (P = 4.6 × 10
−4
). However, candidate genes expressed at high-parent or above-high-parent levels in Col-0 × Per-1 did not exhibit GO enrichment. These data indicated a role for stimulus-responsive genes in the establishment of biomass heterosis in Arabidopsis. This conclusion was further substantiated by a comparative analysis of variations in the expression patterns of stimulus-responsive genes at the genome-wide level between Col-0 × Per-1 and Col-0 × Aa-0 hybrids. In the Col-0 × Per-1 combination, regardless of the direction of expression divergence between parents, gene expression was predominantly down-regulated in the hybrid plants. By contrast, in the Col-0 × Aa-0 combination, only genes in one direction of divergence between parents showed down-regulation in the hybrid (Fig. 4C and SI Appendix, Fig. S9 ). Further GO enrichment analysis between parents revealed that genes showing higher expression in Col-0 or in Per-1 were significantly enriched in stimulus-responsive pathways and that these response genes were down-regulated in the Col-0 × Per-1 hybrid (Fig. 4D) . Nevertheless, only genes with higher expression levels in Col-0 than in Aa-0 were significantly enriched in stimulus responses, and these response genes were only partially down-regulated in the Col-0 × Aa-0 hybrid. Notably, in both combinations, genes showing up-regulation in hybrids were not enriched in stimulus responses (Fig. 4D) . Transcriptomic analysis of another hybrid Col-0 × Ak-1 with high biomass BPH revealed similar stimulus-responsive gene expression patterns (SI Appendix, Fig. S10 ). These data suggested that the bidirectional divergent expression of stimulus-responsive genes between parents and their overall down-regulation in hybrids contribute to better-parent biomass heterosis in Arabidopsis.
Discussion
In this study, we performed GWAS for biomass heterosis established during early development in Arabidopsis and identified 750 associated SNPs showing collective contribution. A total of 779 candidate genes around the 10-kb genomic regions of heterosis-associated SNPs were identified and implicated in diverse biological functions. One of the most important candidate genes was WUS, which is expressed in the stem-cell-organizing center of meristems and functions in controlling the size of the stem cell population (34) . It will be intriguing to experimentally investigate whether this gene contributes to biomass heterosis by inducing larger SAM in hybrids. Interestingly, some candidate genes encoded key regulators of the cell cycle. CYCD1;1, CYCD2;1, CYCP2;1, E2F1, DEL3, and KRP2 are critical factors for the regulation of the G1-to-S transition in the cell cycle (35, 36) . In addition, HBT is a core component of the anaphase-promoting complex (APC), an E3 ubiquitin ligase that is activated by CDC20 during the G2-to-M transition (35, 36) . Because the cell cycle plays a critical role in regulating organ growth and size (37, 38) , and greater leaf growth in the Arabidopsis hybrid was tightly associated with increased cell number (39) , which may reflect the acceleration of the cell cycle, the cell cycle-related candidate genes identified in this study may make important contributions to biomass heterosis in Arabidopsis. Furthermore, some phytohormone-responsive genes involved in the regulation of cell cycle processes were identified as biomass heterosis gene candidates. For example, ARGOS, an auxin-inducible gene, controls Arabidopsis leaf size by accelerating the cell cycle (40) . The expression of ARGOS was activated in Arabidopsis hybrids (39) , and the overexpression of the maize ortholog of ARGOS, ZmAR-GOS1, affected the hybrid yield (41) .
Through a transcriptomic analysis, heterosis candidates for a representative hybrid with high BPH were narrowed to 453 genes, which displayed significant enrichment in response to biotic and abiotic stimuli and immune processes. Remarkably, the stimulusresponsive genes showed distinct expression patterns between Col-0 × Per-1 with the highest heterosis and Col-0 × Aa-0 with the lowest heterosis and exhibited overall repression in Col-0 × Per-1. Miller et al. suggested the effect of stress response genes on growth heterosis in Arabidopsis by comparative transcriptomic analysis in hybrids (10) . Our results provided evidence from both genetic and transcriptional aspects for the contribution of stimulus-responsive genes to biomass heterosis in Arabidopsis. Notably, stimulusresponsive genes, particularly defense response genes, are highly divergent in sequence among natural Arabidopsis accessions. Thus, although the candidate genes for biomass heterosis are enriched in stimulus-responsive pathways, a specific set of genes involved in these pathways may vary depending on hybrid combinations, which should be identified by additional analyses of the mRNA expression in different organs and at different developmental stages.
Recent studies have uncovered the tradeoff between stress responses and growth in Arabidopsis (42) (43) (44) (45) . Therefore, Arabidopsis biomass heterosis may result from the divergence of stimulusresponsive genes between parents and the overall repression of these genes in hybrids (Fig. 5) . This mechanism should be independent of plant species, organs, or developmental stages. Potential evidence is that BPH for both leaf number and leaf area is positively correlated and contributes to biomass BPH, whereas the two traits themselves are not correlated in hybrids (SI Appendix, Tables S1 and S2). The regulatory mechanisms for the repression of stimulus-responsive genes may involve the parental divergence of genetic components, such as missense variation in repressors for stimulus-responsive pathways. Epigenetic components, including small RNAs, may also be involved. Indeed, several key genes involved in small-RNA biogenesis and functional processes, including ARGONAUTE 1 (AGO1), DICER-LIKE 4 (DCL4), and HUA ENHANCER 1 (HEN1), were among the candidate genes identified in this study (Dataset S2). Notably, a previous study has demonstrated an important role for HEN1 in biomass heterosis in Arabidopsis (15) .
These findings differed from those of a recent GWAS in Arabidopsis hybrids that were generated after intercrossing The expression levels of one group of stimulus-responsive genes (R1) are lower in one parent (P1) than in another parent (P2), associated with stronger growth in P1 than in P2 (represented by G1). The expression levels of another group of stimulusresponsive genes (R2) are higher in P1 than in P2, associated with weaker growth in P1 than in P2 (represented by G2). The growth and response are balanced in both parents. The differential expression levels of two groups of response genes between parents may result from divergent negative regulators, such as transcriptional repressors, and both groups of response genes (R1 and R2) showed low-parent expression due to the trans-action of negative regulators in the hybrid. As a result, balanced growth-response is disrupted, and the hybrid shows stronger growth (G1 and G2) than both parents.
30 accessions, which reported multiple heterosis-associated loci and candidate genes for flowering time and rosette traits (31) . It is likely that the Arabidopsis hybrid populations used for GWAS were derived from different experimental designs and were different in scale. It is also likely that there are different mechanisms underlying different heterotic traits. The heterosis candidate genes identified in this study were also different from those reported in rice (22) . Rice is a domesticated crop subjected to extensive human selection. The genetic loci identified in that study should reflect improvements of yield-related traits in hybrids instead of a general mechanism for biomass or growth heterosis throughout plant species, which could be identified in undomesticated natural populations.
In conclusion, our study demonstrated the efficiency of combining GWAS and transcriptome data to dissect the comprehensive genomic architecture of heterosis. The combinational contribution of accumulated superior alleles of the genes involved in basic biological processes and the repressed expression of stimulusresponsive genes should enable more vigorous growth of hybrids relative to their parents.
Materials and Methods
A total of 201 A. thaliana accessions obtained from the Arabidopsis Biological Resource Center were used in this study (Dataset S1). Accession Col-0 was used as the common maternal line and was crossed with the 200 other accessions through hand-pollination. Details of plant materials and growth conditions, phenotyping, and population genetic analyses are described in SI Appendix, SI Materials and Methods.
For GWAS, 722,000 SNPs were used. GWAS was conducted between the strongly and positively correlated biomass BPH and leaf area BPH using an algorithm for multivariate linear mixed models in the GEMMA software (32) (www.xzlab.org/software.html). To correct for multiple testing, a BenjaminiHochberg test was performed. Thresholds of 0.2 were applied to identify modestly significant SNPs associated with biomass heterosis.
The details and procedures of RNA-seq and data analysis and quantitative RT-PCR are provided in SI Appendix, SI Materials and Methods.
